Introduction
============

Lung adenocarcinoma (LAC), also known as pulmonary adenocarcinoma, is a type of non-small-cell lung cancer (NSCLC). LAC is a malignancy with a 100% mortality rate within 5 years of diagnosis, and metastasis often occurs within months of diagnosis.[@b1-ott-12-2247],[@b2-ott-12-2247] Rates of morbidity in LAC have been increasing among nonsmokers and women.[@b2-ott-12-2247]

The leading causes of cancer death include metastasis and chemotherapy resistance. Tumor metastasis is a complex process and is responsible for over \~90% cancer-related deaths.[@b3-ott-12-2247] Epithelial--mesenchymal transition (EMT) is a metastasis feature that occurs in drug-resistant tumors in vivo and cancer cells in vitro.[@b4-ott-12-2247],[@b5-ott-12-2247] Drug- and chemotherapy-resistant cancers always show increased invasion and metastasis ability, accompanied by loss of E-cadherin (epithelial marker) and the increase in vimentin and N-cadherin (mesenchymal markers).[@b4-ott-12-2247] The loss of E-cadherin is a key inducer of EMT and promotes metastasis through multiple downstream transcriptional pathways, including Twist and Wnt/β-catenin.[@b6-ott-12-2247] Several transcription factors are involved in the metastasis or metastatic cells undergoing EMT,[@b5-ott-12-2247] including Snail, Slug, Twist, and Zeb family members Zeb1 and Zeb2/Smad-interacting protein 1 (Sip1).[@b7-ott-12-2247]--[@b10-ott-12-2247] In addition, TGF-β plays an important role in activating Snail, which is a key repressor of E-cadherin and an inducer of N-cadherin.[@b5-ott-12-2247],[@b11-ott-12-2247] Smads are central mediators of TGF-β signaling pathways.[@b12-ott-12-2247] TGF-β plays a key role during cancer metastasis, and the TGF-β/Smad signaling pathway is important for maintaining the mesenchymal phenotype in metastatic cancers.[@b13-ott-12-2247],[@b14-ott-12-2247] For instance, Chen et al showed that EMT and motility of SKOV3 cells in vitro could be activated by the TGF-β/Smad signaling pathway.[@b15-ott-12-2247] TGF-β/Smad-mediated Snail/E-cadherin expression plays key roles in cancer EMT.[@b16-ott-12-2247]--[@b18-ott-12-2247]

The E3 ubiquitin ligase mouse double minute 2 (MDM2) is an oncoprotein that promotes the rapid degradation of the tumor suppressor p53.[@b19-ott-12-2247] The inhibition of p53 transcriptional activity is a key characteristic of higher MDM2 expression in tumors.[@b20-ott-12-2247] Inhibition of the interaction between MDM2 and p53 may stabilize p53 proteins, thus resulting in suppression of tumor growth and metastasis progression.[@b20-ott-12-2247],[@b21-ott-12-2247] Evidence that MDM2 promotes EMT and metastasis of human cancers has led to an emergence of anti-MDM2 therapy.[@b15-ott-12-2247],[@b22-ott-12-2247] MDM2 overexpression has been observed and considered a prognostic factor for NSCLC.[@b23-ott-12-2247]--[@b25-ott-12-2247] In A549 cells, p53 inactivation-mediated DEAD/H box 3 (DDX3) loss may suppress MDM2 expression and elevate Slug-inhibited E-cadherin, resulting in NSCLC metastasis via a possible MDM2/Slug/E-cadherin pathway.[@b26-ott-12-2247] Also, Lin and Hsu showed that recombinant Ling Zhi-8, a protein analogous to an effective medicinal ingredient in the mushroom *Ganoderma lucidum*, induced focal adhesion kinase inactivation and Slug degradation by promoting MDM2--Slug interaction and E-cadherin expression, thus reducing EMT and metastasis in CL1--5 cells. In contrast, MDM2-shRNA inhibited Slug degradation, resulting in Slug elevation, cancer cell EMT, and metastasis.[@b27-ott-12-2247] Chen et al showed that MDM2 promoted EMT and motility of SKOV3 cells in vitro by activation of the TGF-β/Smad signaling pathway and Snail/Slug transcription factors and by inhibition of E-cadherin.[@b15-ott-12-2247] These results suggested important roles of MDM2 in cell EMT and metastasis mediated by the interaction of MDM2 with various signaling pathways. However, little is known about the interaction between MDM2-induced EMT and Smad2/3 signaling pathway in LAC.

We designed this study to investigate the effect of MDM2 expression on LAC progression and metastasis, as well as the possible association of the Smad signaling pathway in this process. The expression patterns of EMT factors and Smad proteins in cell lines with MDM2 overexpression or interference were also detected. This study demonstrated that MDM2 induced LAC cell EMT and metastasis via activation of Smad2 and Smad3 signaling pathway; these findings provide new insights into MDM2-mediated LAC cell EMT and cancer metastasis.

Materials and methods
=====================

Study population
----------------

Human LAC and corresponding adjacent tissues were collected from 30 patients during surgery before chemo-radiotherapy. All patients were admitted into the General Hospital of Guangzhou Military Command of PLA, between October 2016 and May 2017. Each sample was divided into three sections, which were used for quantitative reverse transcription (qRT)-PCR, Western blot, and immunohisto-chemical analysis. All experimental protocols were approved by the Ethics Committee of General Hospital of Guangzhou Military Command of PLA. All animal experiments were carried out strictly in accordance with international ethical guidelines and the National Institutes of Health Guide concerning the Care and Use of Laboratory Animals. All donors signed the informed consent in accordance with the Declaration of Helsinki.

Cell lines and culture conditions
---------------------------------

The human LAC cell lines A549, PC9, and NCI-H1975 were purchased from ATCC (Manassas, VA, USA). The human bronchial epithelial-derived cells BEAS-2B (ATCC) were used as the "normal" cell line. All cells were maintained in DMEM (Gibco, Carlsbad, CA, USA) supplemented with 10% FBS, 1% penicillin/streptomycin (Sigma, St Louis, MO, USA) at 37°C, with 5% CO~2~. Each cellular experiment was performed in triplicate.

Plasmids and cell transfection
------------------------------

Based on the expression of MDM2 in LAC cell lines, we selected PC9 cells for gain-of-function studies and the H1975 cells for loss-of-function studies. The lentivirus-packaged MDM2 overexpression vector, MDM2-shRNA, and all negative controls were constructed and verified as previously described.[@b28-ott-12-2247] These procedures were performed by GenePharma (Shanghai, China). Stably transfected cell lines were screened with 0.6 μg/mL puromycin (Sigma). Knockdown of Smad2 and Smad3 in H1975 cells was performed by transfecting cells with specific siRNAs (Santa Cruz, CA, USA). DNA sequences used in this study are given below. Scrambled negative siRNA sequence: 5′-TTC TCC GAA CGT GTC ACG UTT-3′; Smad2 siRNA: 5′-AUC UAA UCG UCC UGU UUU CUU TT-3′; Smad3: 5′-UCU UCU UGA GUU UCU UGA CCA TT-3′; MDM2 shRNA: 5′-UUG GUA UUG CAC AUU UGC CUG-3′. Lipofectamine 2000 reagents (Invitrogen) were used for cell transfection according to the manufacturer's instructions.

Cell proliferation analysis
---------------------------

Blank and transfected cells were seeded into 96-well plates (5,000 cells/well) and incubated for 48 hours until cell confluence reached 80%--90%. Then, cell viability was determined using MTT solution (Sigma) according to the manufacturer's instructions. Optical density at 490 nm (OD490 nm) was recorded for evaluation of cell proliferation rate.

Flow cytometric apoptosis analysis
----------------------------------

Blank and transfected cells (2.0×10^6^ cells/well) were placed into 6-well plates for 48 hours until cell confluence reached 80%--90%. Cells were then harvested for apoptosis detection using Annexin V according to the instructions by the manufacturer (BD Biosciences, San Jose, CA, USA). Collected cells were incubated with Annexin V and propidium iodide successively and then analyzed with a BD FACSCalibur™ flow cytometry.

Wound healing assay
-------------------

Blank and transfected LAC cells were seeded into 24-well plates (2.0×10^5^ cells/well) and incubated for 24 hours for formation of cell monolayers. Then, a straight line was scratched in the middle of adherent cell monolayers using a sterile pipette tip. Subsequently, plates were photographed at 0 and 24 hours after scratching. Migration ability was finally determined by migration index using the formula (W~0\ h~−W~24\ h~) ×100%/W~0\ h~, where W~0\ h~ and W~24\ h~ indicate the wound width at 0 hour and 24 hours after scratching, respectively.

In vitro invasion assay
-----------------------

The 24-well Transwell (Corning Costar, Cambridge, MA, USA) was first coated with 50 μL Matrigel (BD Biosciences). Subsequently, the upper and lower chambers of Transwell plates were, respectively, filled with serum-free medium and completed DMEM, supplemented with 1% penicillin/ streptomycin and 10% FBS. Cells (1.0×10^5^ cells/well) were then placed into the upper chamber, and Transwell plates were maintained at 37°C in 5% CO~2~ for 48 hours. Cells on the upper surface of the membrane were removed, and those adhered to the lower surface of the membrane (invaded cells) were fixed, stained (crystal violet, 0.1% in 20% ethanol), and counted under an Olympus light microscope (Olympus BX51, Tokyo, Japan, 100× magnification, five random fields).

In vivo animal LAC model
------------------------

A total of 40 male BALB/c nude mice (4--5 weeks old from the Laboratory Animal Center of Southern Medical University, Guangzhou, China) were kept under standard conditions (22°C--25°C) with unrestricted access to high-pressure sterilized food and water. Five days later, mice were randomly divided into four groups, which were subcutaneously inoculated with PC9 cells with MDM2 overexpres-sion (1×10^6^, PC9 + MDM2 group, n=10), H1975 cells with MDM2 knockdown (1×10^6^, H1975 + MDM2 shRNA group, n=10), and corresponding control PC9 cells (1×10^6^, PC9 + vector group, n=10), or H1975 cells (1×10^6^, H1975 + shRNA-NC, n=10), respectively. Animals were fed with laboratory food, and tumor volume was recorded six times per week. Forty-two days later, all mice were sacrificed, and the tumor tissues were separated. After recording tumor weight, the tumor samples were used for qRT-PCR and Western blot analyses. Animal care and experiments were approved by the Institute Animal Care and Use Committee of the Southern Medical University.

qRT-PCR analysis
----------------

Total RNA from cultured cells and tumor tissues (human and mice) was extracted using TRIzol reagent (TaKaRa, Tokyo, Japan). The first-strand cDNA was reverse-transcribed (Bestar qPCR RT Kit, DBI Bioscience, Ludwigshafen, Germany) and used as a DNA template (1 μg) for PCR amplification. Primers were synthesized by Sangon (Shanghai, China) and are listed in [Table 1](#t1-ott-12-2247){ref-type="table"}. Amplification was performed using the DBI Bestar^®^ SybrGreen qPCRmasterMix (DBI Bio-science) on an Agilent Stratagene Mx3000P Real-time PCR machine (DBI Bioscience). The following reaction conditions were used: predegeneration at 95°C for 2 minutes, followed by 40 cycles of 94°C for 20 seconds, 58°C for 20 seconds, and 72°C for 20 seconds. Relative expression level was calculated using the 2^−∆∆Ct^ methods with normalization to GAPDH or β-actin.

Western blot analysis
---------------------

Protein lysates were isolated using lysis buffer (Beyotime Biotechnology, Shanghai, China) and quantified by the bicinchoninic acid method (Thermo Fisher Scientific, Waltham, MA, USA). Protein lysates (20 μg) were fractionated onto 10% SDS-PAGE (Sangon) and transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, Whatman, Germany). PVDF membranes were blocked with 5% skim milk-TBS at 4°C overnight, incubated with specific primary antibody solutions at room temperature for 1 hour, and incubated with HRP goat anti-rabbit/ mouse IgG (1:20,000) at room temperature for 40 minutes. Enhanced chemiluminescence system (Millipore, Billerica, MA, USA) and Image-Pro Plus 6.0 software analysis system (Media Cybernetics, Inc., Bethesda, MD, USA) were used for protein blot quantitation. Antibodies against E-cadherin (1:1,000), N-cadherin (1:400), MDM2 (1:1,000), vimentin (1:1,000), β-catenin (1:5,000), Snail (1:500), Slug (1:1,000), Smad2/3 (1:2,000), p-Smad2 (1:1,000), p-Smad3 (1:2,000), and secondary antibodies were purchased from Boster Biotechnology (Wuhan, China). GAPDH antibody (1:10,000) was purchased from Yasunari Biological Engineering (Shanghai, China).

Immunohistochemical analysis
----------------------------

The expression of E-cadherin, N-cadherin, and MDM2 in LAC tissues and adjacent nontumor tissues was detected by immunohistochemistry. In brief, tissues were fixed, transparentized, and embedded in paraffin wax. Sections measuring 4 μm in width were prepared, blocked, and then incubated with specific primary antibodies against E-cadherin (1:500, Boster), N-cadherin (1:200, Boster), and MDM2 (1:800, Boster), followed by secondary antibody incubation following the standard procedure. Protein expression levels were determined by diaminobenzidine staining.

Statistical analysis
--------------------

Statistical analysis was performed using the GraphPad Prism 6.0 based on data expressed as mean ± SD from at least three biological repeats. The statistical significance of differences between means was analyzed by Student's *t*-test (between groups). Significant differences were defined by a *P*-value of \<0.05.

Results
=======

Expression of MDM2 and progression of EMT were enhanced in LAC
--------------------------------------------------------------

In LAC tissues, the relative mRNA expression level of MDM2 was significantly higher than in adjacent tissues ([Figure 1C](#f1-ott-12-2247){ref-type="fig"}). The expression of epithelial phenotype marker gene E-cadherin was significantly inhibited compared with adjacent tissues ([Figure 1A](#f1-ott-12-2247){ref-type="fig"}). In contrast, the expression of mesenchymal phenotype marker gene N-cadherin in LAC samples was significantly higher than in adjacent tissues ([Figure 1B](#f1-ott-12-2247){ref-type="fig"}). Similar trends in protein expression profiles of MDM2, E-cadherin, and N-cadherin were detected by Western blot analysis ([Figure 1D and E](#f1-ott-12-2247){ref-type="fig"}) and immunohistochemistry ([Figure 1F](#f1-ott-12-2247){ref-type="fig"}). These results suggested that MDM2 may contribute to the progress of LAC via EMT.

Expression of MDM2 and EMT markers in LAC cell lines
----------------------------------------------------

The changes in expression of these proteins were further validated by the expression levels of E-cadherin, β-catenin, N-cadherin, vimentin, and MDM2 observed in several LAC cell lines (A549, PC9, and H1975) in comparison with the human bronchial epithelial-derived cell BEAS-2B (normal control). Among these LAC cell lines, PC9 showed the highest expression of E-cadherin and β-catenin and the lowest expression of MDM2, N-cadherin, and vimentin. H1975 cells exhibited the lowest expression of E-cadherin and β-catenin, but the highest expression of MDM2, N-cadherin, and vimentin ([Figure 2A](#f2-ott-12-2247){ref-type="fig"} through [2E](#f2-ott-12-2247){ref-type="fig"}). Similar results were also noted in Western blot analysis ([Figure 2F and G](#f2-ott-12-2247){ref-type="fig"}). Considering that MDM2 expression was relatively low in PC9 cells but greatly increased in H1975 cells, these two cell lines were selected for further investigation.

MDM2 expression enhances LACcell proliferation, migration, and invasion but inhibits cell apoptosis
---------------------------------------------------------------------------------------------------

We transduced PC9 cells with MDM2 overexpressing lentivirus plasmids and established a cell line with stable MDM2 overexpression ([Figure 3A](#f3-ott-12-2247){ref-type="fig"}). In PC9 cells with MDM2 overexpression, the cell viability was enhanced at 48 hours ([Figure 3C](#f3-ott-12-2247){ref-type="fig"}), migration index was increased at 24 hours ([Figure 3D and E](#f3-ott-12-2247){ref-type="fig"}), and the number of invaded cells was upregulated ([Figure 3F and G](#f3-ott-12-2247){ref-type="fig"}) compared with cells transfected with empty plasmid (PC9+ vector). The percentage of apoptotic cells was decreased after transfection with MDM2-overexpressing plasmid in comparison with the control (PC9+ vector) ([Figure 3H and I](#f3-ott-12-2247){ref-type="fig"}).

Compared with control cells, MDM2-silenced H1975 cells ([Figure 3B](#f3-ott-12-2247){ref-type="fig"}) had significant reductions in viability, migration, and invasion ([Figure 3C](#f3-ott-12-2247){ref-type="fig"} through [3G](#f3-ott-12-2247){ref-type="fig"}) and upregu-lation of cell apoptosis ([Figure 3H and I](#f3-ott-12-2247){ref-type="fig"}). Taken together, these findings demonstrated that MDM2 expression promoted proliferation, migration, and invasion but inhibited apoptosis in LAC cells.

MDM2 expression promotes EMT of LAC cell
----------------------------------------

We subsequently confirmed that the upregulation of MDM2 in PC9 cells increased mRNA levels of Snail, Slug, N- cadherin, and vimentin but inhibited mRNA levels of E-cadherin and β-catenin in comparison with the control ([Figure 4A](#f4-ott-12-2247){ref-type="fig"} through [4F](#f4-ott-12-2247){ref-type="fig"}). In contrast, knockdown of the MDM2 gene by shRNA plasmid transfection dramatically inhibited the mRNA levels of Snail, Slug, N-cadherin, and vimentin and upregulated the mRNA levels of E-cadherin and β-catenin ([Figure 4A](#f4-ott-12-2247){ref-type="fig"} through [4F](#f4-ott-12-2247){ref-type="fig"}). Similar expression changes were observed in the protein abundances of Snail, Slug, N-cadherin, and vimentin in cancer cells with MDM2 overexpression or knockdown ([Figure 4G](#f4-ott-12-2247){ref-type="fig"}), suggesting that MDM2 expression promoted EMT of LAC cells. The changes in protein levels of E-cadherin and N-cadherin were further supported by immunofluorescence ([Figure 4H](#f4-ott-12-2247){ref-type="fig"}).

MDM2 activates Smad2/3 signaling pathway
----------------------------------------

To investigate whether Smad2/3 was associated with MDM2-mediated EMT in LAC cells, we assessed Smad2/3 activation in response to altered MDM2 expression. We found that the phosphorylation of Smad2/3 was enhanced in MDM2-overexpressing PC9 cells vs PC9 cells transfected with vector ([Figure 5A and B](#f5-ott-12-2247){ref-type="fig"}) but was inhibited in H1975 cells trans-fected with MDM2-shRNAs vs H1975 cells transfected with shRNA-NC ([Figure 5A and B](#f5-ott-12-2247){ref-type="fig"}). These findings suggested consistency in Smad2/3 activation and MDM2 expression. Next, we transfected H1975 cells with Smad2 and Smad3 siRNAs to inhibit Smad2 and Smad3 expression. Following Smad2 and Smad3 inhibition ([Figure 5C and D](#f5-ott-12-2247){ref-type="fig"}), mRNA and protein levels were significantly increased for E-cadherin and β-catenin and remarkably decreased for N-cadherin and vimentin expression compared with control ([Figure 5E](#f5-ott-12-2247){ref-type="fig"} through [5J](#f5-ott-12-2247){ref-type="fig"}). These results suggested that the Smad2/3 sig-naling pathway was involved in MDM2-mediated EMT in H1975 cells.

MDM2 accelerates tumor growth in vivo in the mouse LAC model
------------------------------------------------------------

For in vivo validation, we established the LAC model by subcutaneously inoculating LAC cells into male BALB/c nude mice. The injection of MDM2-overexpressing PC9 cells slightly increased tumor volume and weight compared with control ([Figure 6A](#f6-ott-12-2247){ref-type="fig"} through [6C](#f6-ott-12-2247){ref-type="fig"}). In addition, mice injected with H1975 cells in which MDM2 was downregulated showed significantly decreased tumor volume and weight in comparison with mice injected with control cells ([Figure 6A](#f6-ott-12-2247){ref-type="fig"} through [6B](#f6-ott-12-2247){ref-type="fig"}). Compared with tumor tissues from control PC9 cells, tumor tissues derived from MDM2-overexpressing PC9 cells showed upregulation of transcription factors Snail and Slug as well as MDM2 in [Figure 6D](#f6-ott-12-2247){ref-type="fig"} through [6F](#f6-ott-12-2247){ref-type="fig"}. Also, the expression of EMT factors E-cadherin and β-catenin was downregulated ([Figure 6G and H](#f6-ott-12-2247){ref-type="fig"}) while N-cadherin and vimentin were upregulated ([Figure 6I and J](#f6-ott-12-2247){ref-type="fig"}) in tumor tissues derived from MDM2-overexpressing PC9 cells compared with control cells (PC9+ vector). In contrast, the downregu-lation of MDM2 inhibited tumor growth and expression of Snail, Slug, N-cadherin, and vimentin while enhancing the expression of E-cadherin and β-catenin in tumor tissues in comparison with tumors derived from H1975 cells. These data suggested that MDM2 expression promotes LAC tumor growth and metastasis. Moreover, we found that the expression levels of Smad2 and Smad3 in tumors generated from MDM2 overexpressing PC9 cells were relatively higher than in tumors generated from PC9 control cells ([Figure 6K and L](#f6-ott-12-2247){ref-type="fig"}). Furthermore, the expression levels of Smad2 and Smad3 were higher in tumors derived from H1975 cells than in tumors generated from H1975 cells with MDM2 silencing. These data also supported that MDM2 promotes the Smad2/3 signaling pathway and that inhibition of MDM2 produced the opposite effect.

Discussion
==========

MDM2 is an oncoprotein that binds to and promotes the rapid degradation of p53 tumor suppressor.[@b19-ott-12-2247] Inhibition of MDM2-- p53 interaction has been suggested to suppress tumor growth and induce tumor cell apoptosis in NSCLC and several other human cancers.[@b20-ott-12-2247],[@b29-ott-12-2247],[@b30-ott-12-2247] We found that MDM2 expression was upregulated in LAC tumor tissues compared with adjacent tissues. The expression of MDM2 has been correlated with EMT and metastasis in some human cancers.[@b15-ott-12-2247],[@b31-ott-12-2247]--[@b34-ott-12-2247] EMT involves the Twist transcriptional pathway during migration and metastasis of cancer cells. Zhang and Hill showed that hypoxia treatment in KHT cells could upregulate MDM2 expression, increase cell resistance to apoptosis, and increase metastatic efficiency.[@b35-ott-12-2247] Khor et al showed that higher expression level of MDM2 was related to distant metastasis in prostate cancer.[@b33-ott-12-2247] There is increasing evidence of MDM2 overexpression in metastasis and in tumor patients with higher failure rates.[@b20-ott-12-2247],[@b33-ott-12-2247],[@b36-ott-12-2247] In our investigation, upregulation of MDM2 in LAC tumor tissues compared with adjacent tissues was in agreement with studies of other cancers. In addition, we also determined that the expression of MDM2 in H1975 cells (gefitinib-resistant cells) was significantly higher than that in PC9 cells (gefitinib-sensitive cells). Taken together, these results suggested that MDM2 may be associated with LAC pathogenesis and treatment efficacy.

The EMT process is controlled by several key regulators, including suppressors of E-cadherin and β-catenin, promoters of N-cadherin and vimentin, and transcription factors including Snail, Slug, and the Zeb family. Both Snail and Slug transcription factors are zinc finger transcriptional repressors; they are key regulators of TGF-β-induced EMT and the expression of tumor suppressors such as E-cad-herin.[@b37-ott-12-2247],[@b38-ott-12-2247] The suppression of E-cadherin and mesenchymal phenotype maintenance are initiation phenotype of EMT and metastasis. In this study, we demonstrated that MDM2 overexpression in PC9 cells promoted cell proliferation, migration, and invasion but inhibited apoptosis. In in vitro and in vivo experiments, MDM2 upregulation was followed by upregulated expression of Snail, Slug, N-cadherin, and vimentin and inhibition of E-cadherin and β-catenin. In contrast, both in vitro and in vivo experiments using MDM2-shRNA transfection into H1975 cells showed the opposite. Thus, our finding suggested that MDM2-induced invasion and metastasis in LAC cells were mediated by EMT.

Chen et al showed that MDM2 promoted EMT and motility of SKOV3 cells in vitro by activating TGF-β-Smad pathways and Snail/Slug transcription factors and inhibiting E-cadherin.[@b15-ott-12-2247] TGF-β plays a dual role during the progression and metastasis of cancer. In early stages, TGF-β inhibits tumor growth; in later stages, it promotes cell invasion and metastasis.[@b37-ott-12-2247] In later stages, TGF-β induced EMT by Snail in a Smad-dependent manner.[@b14-ott-12-2247],[@b39-ott-12-2247] Some regard E-cadherin repressors, especially the overexpression of Snail and TGF-β, as novel parameters of aggressiveness in metastatic cancers.[@b40-ott-12-2247]--[@b44-ott-12-2247] TGF-β is a key inducer of EMT in many cancer types. In metastatic cancers, Smad-dependent TGF-β signaling pathways are potent inducers of EMT and transcription of Snail, Slug, and Zeb family to maintain the mesenchymal phenotype.[@b13-ott-12-2247],[@b14-ott-12-2247] Reports have shown that Smad2 and Smad3, in TGF-β/Smad signaling pathways, are associated with Zeb proteins, Zeb1 and Zeb2/Sip1, which mediates the switch from E-cadherin to N-cadherin.[@b7-ott-12-2247]--[@b9-ott-12-2247] Another study reported that Sip1 overexpression inhibited E-cadherin and promoted clonogenicity of glioma cells.[@b45-ott-12-2247] In our study, we demonstrated that expression of Smad2 and Smad3 was correlated with MDM2 expression. The inhibition of MDM2 suppressed Smad2 and Smad3 expression, and further inhibition of Smad2 and Smad3 by siRNA significantly suppressed EMT progression in H1975 cells by upregulating EMT suppressors E-cadherin and β-catenin and inhibiting EMT promoters N-cadherin and vimentin. These findings suggested that MDM2-induced migration and EMT in LAC cells and cancer metastasis were mediated by the Smad2/3 signaling pathways. The specific mechanisms for this process deserve further investigation. For instance, MDM2 promotes p53 degradation,[@b19-ott-12-2247] and p53 also regulates Smad protein activities,[@b46-ott-12-2247],[@b47-ott-12-2247] suggesting a role for p53 as a link between MDM2 and Smad signaling in LAC. Whether this modulation is regulated by TGF-β requires additional study.

Conclusion
==========

In summary, we confirmed that MDM2 overexpression in LAC cells was correlated with cell migration, invasion, and metastasis in in vitro and in vivo studies. MDM2-induced tumor metastasis was associated with the Smad2/3 signaling pathway. The inhibition of MDM2 suppressed tumor growth, cell proliferation, migration, and invasion but promoted cell apoptosis. Therefore, MDM2 may be a potential therapeutic target for LAC treatment. Finally, the role of TGF-β in Smad2/3 pathway-associated metastasis in LAC merits further investigation.
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![Expression of MDM2 and EMT in samples with LAC and in adjacent tissues.\
**Notes:** (**A**--**C**) Results of qRT-PCR analysis of E-cadherin, N-cadherin, and MDM2 (n=30). (**D** and **E**) Western blot analysis of proteins in LAC and adjacent tissues from four patients. (**F**) Representative images of immunohistochemistry for E-cadherin, N-cadherin, and MDM2 (200× magnification). ^\*^*P*\<0.05, ^\*\*^*P*\<0.01, and ^\*\*\*^*P*\<0.001, vs adjacent tissues, respectively. GAPDH was used as reference control.\
**Abbreviations:** Ad, adjacent tissues; Ca, cancer tissues; EMT, epithelial--mesenchymal transition; LAC, lung adenocarcinoma; MDM2, mouse double minute 2; qRT, quantitative reverse transcription.](ott-12-2247Fig1){#f1-ott-12-2247}

![Expression of MDM2 and EMT markers in LAC cell lines.\
**Notes:** Human bronchial epithelial-derived BEAS-2B cells were regarded as normal control. The relative mRNA and protein expression levels of E-cadherin, β-catenin, vimentin, N-cadherin, and MDM2 were detected by qRT-PCR (**A**--**E**) and Western blot analysis (**F** and **G**), respectively. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01, and ^\*\*\*^*P*\<0.001, vs BEAS-2B, respectively. GAPDH was used as reference control.\
**Abbreviations:** EMT, epithelial--mesenchymal transition; LAC, lung adenocarcinoma; MDM2, mouse double minute 2; qRT, quantitative reverse transcription.](ott-12-2247Fig2){#f2-ott-12-2247}

![Effect of MDM2 on cell viability, migration, invasion, and apoptosis.\
**Notes:** PC9 and H1975 cells were transfected with MDM2 overexpressing and MDM2-shRNA expressing lentiviruses, respectively. (**A** and **B**) MDM2 mRNA relative expression levels in transfected PC9 and H1975 cells. GAPDH was used as reference control gene. (**C**) Cell proliferation analysis by MTT assay. (**D** and **E**) In vitro wound healing assay (scratch assay). Migration index was calculated as (W~0\ h~--W~24\ h~) ×100%/W~0\ h~. (**F** and **G**) In vitro cell invasion analysis by Transwell assay. (**H** and **I**) Apoptosis by flow cytometric analysis. Cells were transfected with plasmids for 48 hours, except for proliferation analysis by MTT assay. The empty plasmid (vector) or negative control for shRNA (NC) was used as control. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01, and ^\*\*\*^*P*\<0.001, vs PC9+ vector, respectively. ^\#\#^*P*\<0.01 and ^\#\#\#^*P*\<0.001, vs H1975 + NC, respectively.\
**Abbreviations:** MDM2, mouse double minute 2; NC, negative control.](ott-12-2247Fig3){#f3-ott-12-2247}

![Effect of MDM2 on EMT progression in LAC cells.\
**Notes:** PC9 and H1975 cells were transfected with MDM2 overexpressing and MDM2-shRNA expressing lentiviruses, respectively. (**A**--**F**) The relative expression levels of Snail, Slug, E-cadherin, β-catenin, N-cadherin, and vimentin mRNAs by qRT-PCR analysis. (**G**) Protein expression of EMT factors in transfected PC9 and H1975 cells by Western blot analysis. GAPDH was used as reference control. (**H**) Immunofluorescence assay validated levels of E-cadherin and N-cadherin in transfected PC9 and H1975 cells (200× magnification). ^\*\*^*P*\<0.01, and ^\*\*\*^*P*\<0.001 in comparison with related control, respectively.\
**Abbreviations:** EMT, epithelial--mesenchymal transition; LAC, lung adenocarcinoma; MDM2, mouse double minute 2; NC, negative control; qRT, quantitative reverse transcription.](ott-12-2247Fig4){#f4-ott-12-2247}

![The influence of Smad2/3 on MDM2-mediated EMT in LAC cells.\
**Notes:** Cells were transfected with siRNA for 48 hours. (**A** and **B**) The expression of Smad2/3 proteins in MDM2-overexpressing PC9 cells and H1975 cells with MDM2 interference. (**C**--**H**) The relative mRNA expression levels of Smad2/3 and EMT marker genes (E-cadherin, β-catenin, N-cadherin, and vimentin) in H1975 cells transfected with Smad2/3 siRNAs. (**I**, **J**) The protein expression levels of EMT factors (E-cadherin, β-catenin, N-cadherin, and vimentin) in Smad2 and Smad3 siRNA-transfected H1975 cells. GAPDH was used as reference control. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01, and ^\*\*\*^*P*\<0.001 in comparison with related control, respectively.\
**Abbreviations:** EMT, epithelial--mesenchymal transition; LAC, lung adenocarcinoma; MDM2, mouse double minute 2; NC, negative control.](ott-12-2247Fig5){#f5-ott-12-2247}

![MDM2 promotes tumor growth in in vivo animal tumor model.\
**Notes:** (**A**--**C**) The in vivo tumor volume and weight of LAC. Transfected PC9 and H1975 cells were subcutaneously inoculated into male BALB/c nude mice for 42 days. (**D**--**J**) The mRNA relative expression levels of MDM2 and EMT-related factors, including Snail, Slug, E-cadherin, β-catenin, N-cadherin, and vimentin. (**K**, **L**) The protein expression patterns of MDM2, EMT factors (E-cadherin, β-catenin, N-cadherin, and vimentin), Snail, Slug, and Smad2/3 signaling pathway in tumor tissues. GAPDH was used as control for animal experiments. ^\*^*P*\<0.05, ^\#^*P*\<0.05, ^\*\*^*P*\<0.01, and ^\*\*\*^*P*\<0.001 in comparison with related control, respectively.\
**Abbreviations:** EMT, epithelial--mesenchymal transition; LAC, lung adenocarcinoma; MDM2, mouse double minute 2; NC, negative control.](ott-12-2247Fig6){#f6-ott-12-2247}

###### 

Sequence of primers used for qRT-PCR or MDM2 cloning

  Gene primers Sequence            (5′--3′)
  -------------------------------- ------------------------------------
                                   
  **qRT-PCR primers**              
  GAPDH F (human)                  TGTTCGTCATGGGTGTGAAC
  GAPDH R                          ATGGCATGGACTGTGGTCAT
  E-cadherin F                     CGAGAGCTACACGTTCACGG
  E-cadherin R                     GGGTGTCGAGGGAAAAATAGG
  β-catenin F                      CATCTACACAGTTTGATGCTGCT
  β-catenin R                      GCAGTTTTGTCAGTTCAGGGA
  N-cadherin F                     AGCCAACCTTAACTGAGGAGT
  N-cadherin R                     GGCAAGTTGATTGGAGGGATG
  MDM2 F                           GAATCATCGGACTCAGGTACATC
  MDM2 R                           TCTGTCTCACTAATTGCTCTCCT
  Snail F                          ACTGCAACAAGGAATACCTCAG
  Snail R                          GCACTGGTACTTCTTGACATCTG
  Slug F                           TGTGACAAGGAATATGTGAGCC
  Slug R                           TGAGCCCTCAGATTTGACCTG
  β-actin F (mouse)                CATTGCTGACAGGATGCAGA
  β-actin R                        CTGCTGGAAGGTGGACAGTGA
  E-cadherin F                     CTCCAGTCATAGGGAGCTGTC
  E-cadherin R                     TCTTCTGAGACCTGGGTACAC
  β-catenin F                      CCCAGTCCTTCACGCAAGAG
  β-catenin R                      CATCTAGCGTCTCAGGGAACA
  N-cadherin F                     AGGCTTCTGGTGAAATTGCAT
  N-cadherin R                     GTCCACCTTGAAATCTGCTGG
  MDM2 F                           GGATCTTGACGATGGCGTAAG
  MDM2 R                           AGGCTGTAATCTTCCGAGTCC
  Snail F                          CTGGGACTCTCTCCTGGTAC
  Snail R                          GTTGAAGATCTTCCGCGACT
  Slug F                           TGGTCAAGAAACATTTCAACGCC
  Slug R                           GGTGAGGATCTCTGGTTTTGGTA
                                   
  **PCR primers for MDM2 clone**   
                                   
  MDM2 F                           GGGGTACCATGATCTACAGGAACTTGGTAGTAGT
  MDM2 R                           CCGCTCGAGCTAGGGGAAATAAGTTAGCACAATC

**Notes:** GAPDH was used as reference control gene for mRNA detection in human tissues and cultured cell lines. β-actin was used as reference control gene for mRNA detection in mice tumor tissues.

**Abbreviations:** F, forward primer; MDM2, mouse double minute 2; qRT, quantitative reverse transcription; R, reverse primer.

[^1]: These authors contributed equally to this work
